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A B ST R A C T
W hen sampling for volatile organic compounds from low-yield wells the 
proper selection of purging m ethod and sampling tim e is im portan t, however, 
there is little agreement on s tandard  methods. Some currently used procedures 
include purging three well volumes followed by sampling; purging the well dry 
once, or to the top of the well screen, w ith  sampling during or after recovery; or 
to  sample w ithout purging. U nfortunately, little research is published regarding 
the effects these methods have on concentrations of volatile organic compounds 
when sampling from low-yield wells.
The purpose of this laboratory study  was to  determ ine the effects various 
purging procedures have on chlorobenzene and 1,1,1-Trichloroethane concentra­
tions in a sim ulated monitoring well and how effective purging procedures were 
in providing representative samples. The experimental appara tus consisted of a 
teflon m onitoring well complete w ith filter pack and bentonite seal constructed 
in a 10.2 cm diameter stainless steel screen and casing which acted as a 
"borehole" for the monitoring well. Low-permeability soil in a 25.4 cm diameter 
stainless screen surrounded the borehole and sim ulated an aquitard or low- 
perm eability aquifer. This apparatus was placed in a  tan k  filled w ith  chloroben­
zene and 1,1,1-Trichloroethane-spiked w ater. The experiments included the 
purging procedures mentioned above. Samples were collected before purging, dur­
ing water-level recovery and 24 hours after purging. C ontam inant concentra­
tions w ithin the tank  were monitored before and after each experiment to  estab­
lish a baseline in which to compare the sampling results of each purging experi­
ment.
W hen sampling for 1,1,1-Trichloroethane, the m ost representative samples 
were collected a t five hours after purging and the next day when purging the 
well dry, and after one well volume when purging three well volumes. Results 
from samples collected after purging to the top of the well screen were not repro­
ducible and were inconclusive. W hen sampling for chlorobenzene, each purging 
m ethod yielded representative samples during w ater level recovery and the next 
day or after every well volume. Sampling w ithout purging yielded results which 
appeared to  be non-representative.
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IN T R O D U C T IO N
The evaluation of ground-w ater chemistry generally includes analysis and 
in terpretation  of da ta  obtained from w ater samples collected from monitoring 
wells. The quality of the d a ta  in terpretation is highly dependent on the collec­
tion of w ater samples representative of ground w ater adjacent to the monitoring 
well, however, it is generally recognized th a t w ater which remains stagnant in a 
m onitoring well develops a chemical composition not representative of the adja­
cent ground w ater. Therefore, purging, defined as the evacuation of stagnant 
w ater from a monitoring well, is often considered essential prior to sampling 
(U.S. EPA, 1986).
M onitoring wells are purged in order to: remove w ater affected by contact 
w ith well casing and filter pack materials (stagnant w ater); remove any foreign 
m aterials which might have accumulated within the well bore; and draw in fresh 
form ation water to be sam pled. U nfortunately, purging can potentially alter the 
chemistry of the w ater entering the well bore. If the well screen and filter pack 
become dewatered and aerated from purging, the inorganic param eters of pH, 
dissolved oxygen (D.O.), and Eh m ight be adversely im pacted by the presence of 
air. The best purging m ethod will minimize the adverse effects on ground-water 
chem istry and still provide representative form ation w ater to be sampled.
When sampling for volatile organic compounds (VOCs) from low-yield wells 
(wells incapable of yielding 3 well volumes within a reasonable time), many areas
of concern have been raised about the effect purging has on VOC concentrations 
in the form ation w ater entering the well bore. Purging a low-yield well may 
cause a steep cone of depression to  form around the well due to  the large draw­
down of the w ater level in the well and low hydraulic conductivity of the forma­
tion. This m ay lead to  the introduction of air into the filter pack and potential 
agitation of the ground w ater as it cascades down the borehole wall through the 
filter pack. W hen form ation w ater enters the well, the decrease in hydrostatic 
pressure, tu rbu len t conditions, and contact w ith the atm osphere may induce 
degassing and volatization, causing VOC concentrations to  decrease and non­
representative samples to  be collected (Gilham et a i, 1983). In addition, if the 
purging technique fails to evacuate all the s tagnan t w ater from the well bore, 
form ation w ater flowing into the well will mix w ith the s tagnan t w ater causing 
non-representative samples to  be collected (Gilham et a i, 1983).
A t the present time, standardized purging procedures have not been widely 
adopted, particularly  for low-yield monitoring wells. A well volume was defined 
in this study  as the volume of w ater w ithin the well bore from the bottom  of the 
screen interval to sta tic  w ater level. Several purging techniques have been dis­
cussed in the literature, unfortunately most of them have been directed toward 
monitoring wells screened in medium- to high-yield form ations. These tech­
niques commonly include purging 3 to 10 well volumes or purging until selected 
field param eters have stabilized (Gilham et al., 1985). Presently, procedures on 
purging and sam pling from low-yield monitoring wells are more limited in 
num ber and are seldom substan tiated  w ith analytical d a ta  to prove their 
effectiveness. These methods include purging the well dry, purging to the top of 
the well screen, purging multiple well volumes, and sampling w ithout purging.
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Currently, there is considerable controversy regarding which purging tech­
nique will ensure the collection of representative samples. When purging low- 
yield wells, the well often is pumped dry after one well volume is removed. If 
one follows techniques commonly used in medium- to high-yield formations, 
purging one well volume may not guarantee the collection of a representative 
sample. Recovery periods after purging a low-yield well often are long, and the 
introduction of organic compounds into the well w ater which are not representa­
tive of the form ation w ater m ay occur. This is caused by interactions w ith the 
well materials which can potentially exchange organic compounds and by VOCs 
biodegrading into o ther organic compounds (Miller, 1982).
Since there is not a purging method which can eliminate all the factors 
which affect VOC concentrations in form ation w ater to  be sampled, it is 
assumed th a t the higher the concentration, the more representative the  sample is 
of the surrounding form ation w ater (McAlary and Barker, 1987).
Sampling devices which require little or no purging and sample directly 
from the form ation could reduce the problems encountered when sam pling low- 
yield wells. These in situ  sampling devices would eliminate the need to dispose 
of large am ounts of contam inated w ater th a t would normally be discharged 
when purging a conventional monitoring well. Since the need to purge is v irtu­
ally eliminated, tim e and labor costs are reduced since little time would be 
wasted waiting for the well to sufficiently recover before collecting samples. 
However, the performance of these sample devices have been mixed when sam­
pling for VOCs and further research needs to  be performed to test their accuracy 
and precision in a variety  of sampling environm ents (Blegen, 1988).
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Purpose and O bjectives
The purpose of this research was to  evaluate purging methodologies under 
laboratory conditions when sampling for VOCs from low-yield m onitoring wells. 
The objective was to conduct a controlled laboratory-oriented comparison 
between several purging methods and in situ  sampling devices when sampling in 
a low-permeability environm ent. Perm eability is defined as the relative ease with 
which a porous medium can transm it liquid under a hydraulic gradient and is 
independent of the nature of the liquid (Fetter, 1988). Experim ents were run to 
determine the effectiveness of four proposed purging m ethods and two in situ 
devices to  collect representative ground-w ater samples. The effect each purging 
m ethod had on removing stagnan t w ater and causing volatilization of the VOCs 
was also examined. Comparison of the four purging m ethods and two in situ 
devices were based on how effective the purging methods and in situ  sampling 
devices were in providing w ater representative of the surrounding ground water.
A pproach
The approach of this study  was to  conduct experiments in a large tank 
environm ent sim ulating actual field conditions in which the only sampling vari­
able would be the individual purging method or in situ sam pling device. A pho­
tograph of the experimental tank  is shown in Figure 1. Sim ulated aquifer instal­
lations (SAIs) which contained one conventional monitoring well (TK-1) and two 
in situ sam pling devices (TK-2 and TK-3) were placed w ithin 25.4 centimeter 
(cm) diam eter well screens containing low-permeability soil and placed inside a 
2.13 meter (m) high tank. The tank , which acted as a reservoir, contained water
Figure 1. Photograph of experimental tank.
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spiked w ith known concentrations of chlorobenzene and 1,1,1-Trichloroethane 
(1,1,1-TCA). A fourth  sampling well (TK-4) was installed w ithout filter pack 
and soil directly in to  the tank  and was used to m onitor w ater levels and VOC 
concentrations in the tank .
The experiments were conducted over an eight week period. Each experi­
ment was repeated twice and run a week apart.
The sample results from each time an experiment was conducted were com­
pared statistically  using a one-way analysis of variance. Two-way analysis of 
variance and interaction were used to determine significant differences between 
individual rounds of an experiment and between experiments. The statistical 
methods determined significance between samples, rounds, and experiments but 
not how representative a sample was to the tank  tracer concentrations. The 
results were graphically analyzed to determine which sample interval had the 
most representative sample. The sample interval which had a tracer concentra­
tion closest to the tan k  tracer concentration was considered the most representa­
tive. Purging methods were graphically compared to determine which method 
provided the most representative sample when compared to  tank  concentrations. 
The sampling results from the two in situ sam pling devices were then compared 
to the purging experiments which provided the most representative sample 
results.
Experim ental Design
The experimental design is outlined in Table 1. The purging experiments 
performed in TK-1 included purging the well dry once (experiment 1), purging to 
the top of the well screen (experiment 2), purging three well volumes (experiment
Table 1. Outline of experim ental design.
Experim ent 1-Purge dry
Experim ent 2-Purge to  top of well screen
Sample from Samples collected (hours)
TK-1 -0 1 3 5 24
TK-4 -0 24
Experim ent 3-Purge 3 well volumes
Sample from Samples collected (well recovery)
TK-1 -0 1 2 3
TK-4 -0 3
Experim ent 4-Sample w ithout purging
Sample from Samples collected (hours)
TK-1 experiments 
1, 2, and 3
-0
Experim ent 5-In situ  sample devices
Sample from Samples collected (hours)
TK-2 7 14
TK-3 7 14
TK-4 -0 24
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3), and sam pling w ithout purging (experiment 4). A bladder pum p was utilized 
as the purging and sam pling device for experiments 1, 2, 3, and 4. For experi­
ments 1 and 2, samples were collected prior to purging (-0 hour), during w ater 
level recovery after purging was completed (1, 3, and 5 hours), and the next day 
after the w ater level had reached pre-purging or sta tic  w ater level (24 hours). 
Samples were collected for experiment 3 a t -0 hour and after the w ater level had 
recovered from each well volume purged. Samples collected a t -0 hour prior to 
experiments 1, 2, and 3 were used to evaluate experiment 4.
Samples collected from the two in situ  devices (experiment 5) in TK-2 and 
TK-3 were collected concurrently w ith experim ent 3.
Field param eters of tem perature, pH, D.O., and electrical conductivity were 
monitored a t -0, 5, and 24 hours for experiments 1 and 2 and a t each sampling 
point for experiments 3, 4, and 5. Field param eters were not m onitored a t the 
other sampling intervals in order to  minimize the am ount of w ater w ithdraw n 
during the experiment.
Samples were collected and field param eters monitored from TK-4 before 
and after each experiment in order to provide a baseline in which to  compare 
sample results and experiments. Field param eter results from the tank  and 
experiments were compared to determine if the purging methods had any effect 
on the results.
B ackground
W hen sam pling for VOCs from low-yield wells there are few purging 
methods to choose from. Field practices often involve purging the well dry and 
sampling the next day or purging three well volumes and sampling after the
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th ird  w ater level recovery. The U.S. EPA  (1986) suggested purging low-yield 
wells dry. W hen the w ater level has recovered sufficiently, field param eters 
should be monitored and samples collected. After sampling was completed, field 
param eters should be monitored again in order to gauge the effectiveness of 
purging (U.S. EPA , 1986). Purging to the top of the well screen was proposed by 
Barcelona et al., (1985) and Unwin (1982) in order to prevent the introduction of 
oxygen into the area surrounding the well screen and aeration effects on w ater 
chemistry. Unwin (1982) suggested drawing the well down a second time to the 
top of the screen and sam pling after full recovery. On the other hand, Barcelona 
et al., (1985) suggested purging once to  the top of the well screen and sampling 
the recovered w ater before 2 hours. If the recovered w ater was allowed to 
remain in the well casing longer than  two hours, it was likely to  be chemically 
altered (Barcelona et al., 1985). Gilham et al., (1983) proposed th a t purging wells 
in low-permeability m aterials m ight be very time-consuming and therefore too 
costly and im practical.
Limited research has been directed at studying the effectiveness of the 
different purging procedures. McAlary and Barker (1987) set up an experimental 
device which resembled a well screen. They found substan tial volatization losses 
in VOC concentrations when a fully evacuated well w ith a dewatered filter pack 
was sim ulated. They concluded th a t drawing the w ater level down into the filter 
pack when the well is purged should be avoided. In a field s tudy  which involved 
purging and sampling wells screened in low-permeability deposits, Herzog et al. 
(1988) sampled for VOCs during recovery and after sta tic  w ater level was 
reached. U nfortunately, the purging method th a t was employed was not 
described. A lthough Herzog et al. (1988) found the highest concentrations had 
occurred 4 hours after purging, there was no significant difference between the 
samples collected during recovery and those collected the day after purging.
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Therefore, Herzog et al. (1988) suggested th a t purging one day and sampling the 
next or purging in the morning and sam pling later in the afternoon were accept­
able methods. In addition, they found significantly lower VOC concentrations 
when purging was not conducted prior to  sampling.
To summarize, when purging low-yield m onitoring wells the options include 
not purging, purging to the well screen, purging the well completely dry, and 
purging m ultiple well volumes. Currently, there is little assurance as to which 
method will enable the collection of the m ost representative samples of the for­
m ation w ater.
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O RG ANIC CHEM ISTRY
Several volatile organic chemical properties were examined to  better under­
stand  the effects between the different properties and the purging methods and 
sim ulated aquifer installations. The aqueous solubility (S), the degree to  which 
the compounds would adsorb onto  the soil (K ), and the degree of volatility 
(Henry’s law constant and vapor pressure) were the chemical properties of most 
concern.
In th is study, relatively high solubility was an im portan t factor because the 
experiments depended on the compounds being homogeneous throughout the 
tan k  w ater. If the tracers were insoluble or had a low solubility, the form ation 
of an immiscible layer or globules of compound w ithin the tan k  w ater m ight 
result, causing elevated levels of tracer or hotspots. These unequal concentration 
distributions could cause bias and extra variability in the sam pling results when 
the purging experiments were run.
In order to  analyze the effectiveness of the purging methods, it was neces­
sary to minimize tracer adsorption onto the soil. The degree of soil adsorption 
(K ) entailed the exam ination of many factors. The soil clay composition and 
organic content, the octanol-w ater coefficient, the degree to which the VOC 
prefers organic or w ater phases (K ), and S all contribute to  understanding
how VOCs adsorb onto soil. The value of K  also provided an indirect under-oc
standing of the relative m obility of the tracers and helped in understanding how 
quickly the  tracers would reach a steady-state concentration in the monitoring
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well during well development. K  values for chlorobenzene and 1,1,1-TCA were 
calculated using the following equations:
log Kqc =  0.72 log +  0.49
for chlorobenzene (Schwarzenbach and W estall, 1981) and
log =  -0 .5 5 7  log S +  4.277
for 1,1,1-TCA (Chiou et a l, 1979). A  log K  value of 2.49 for chlorobenzene 
(Hansch and Leo, 1979) and a S value of 39.0 mmoles/1 (converted from 4,400 
mg/1) for 1,1,1-TCA (Verschueren, 1983) were used. The log Kqc values were 
2.28 for chlorobenzene and 3.39 for 1,1,1-TCA. Values of 1.92 for chlorobenzene 
and 2.25 for 1,1,1-TCA were calculated by Chiou et al. (1983) and Karickhoff 
(1981), respectively. The difference in values for 1,1,1-TCA were pronounced 
between Chiou et al. (1979) and Karickhoff (1981) whereas the  two K  values 
for chlorobenzene were close. The discrepancy in values for 1,1,1-TCA could be 
a ttrib u ted  to  different soil types and am ount of organic carbon content used in 
deriving the K qc value or equation. Low K  values were translated  into both 
compounds being mobile in relation to  organic carbon content according to 
D ragun (1988). However, adsorption also m ay occur on mineral surfaces, espe­
cially clays (Dragun, 1988). W hen the ratio of clay to organic carbon content 
exceeds 60, adsorption onto clay becomes significant (Dragun, 1988). Since the 
soil used in th is study  had a ratio  above 60, adsorption was expected to pri­
marily occur onto the clays. There was not any quantitative inform ation avail­
able which determ ined the adsorption relationship between clays and VOCs.
The H enry’s law constant is an indication of a compounds volatility. It is
derived by dividing vapor pressure by solubility (Lyman et al. 1982). Com-
-3 3pounds w ith H enry’s law constants greater than  10 atm -m  /m ol were desired 
since volatilization is rapid a t this range. However, tw o compounds were
13
preferred which had values an order of m agnitude apart. The purging methods 
were then evaluated to  determine if representative samples occurred a t different 
tim e intervals for compounds w ith different volatilities. The vapor pressure of a 
compound provided an indication of the tendency of a compound to  vaporize in 
an unperturbed environm ent (Verschueren, 1983). In this study, compounds 
which had vapor pressures above 150 millimeters (mm) at 2 0 0 C were discarded 
a t the suggestion of the analytical laboratory where sample analysis was per­
formed. This was due to  the possibility of sam ple handling during collection 
and analysis having an adverse im pact on sample concentrations.
The two compounds selected, 1,1,1-TCA and chlorobenzene, were chosen 
from the compounds listed in EPA  M ethod 624 (U.S. EPA , 1982). The chemical 
properties of the tw o compounds are outlined in Table 2.
T able 2. C hem ical properties o f 1 ,1 ,1-T C A  and chlorobenzene.
Chemical properties Chlorobenzene 1,1,1-TCA
H enry’s law constan t (atm -m ^/m ol)a 0.00358 0.03
Solubility @ 20 ° C (m g/l)b 500 4,400
V apor pressure @ 20° C (mm)*5 8.8 100
K ow 2.49°, 2.82b 2.49c
K„„ 1.92d , 2.28, 2.52 2.25d , 3.39
f  M abey et al. (1982).
Verschueren (1983). 
j  Hansch and Leo (1979). 
a  Chiou et al. (1983).
Both compounds had low K coefficients and m oderate to  high solubility in 
w ater compared to o ther compounds listed. Chlorobenzene and 1,1,1-TCA are
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known to  biodegrade under aerobic and anaerobic conditions, respectively 
(Newsom, 1985). To prevent biodegradation, the soil was autoclaved for 80-90 
m inutes and 3 mg/1 of sodium azide solution was added to  the tank  w ater.
The sta rting  concentration of the tracers in 2080 1 of ta n k  w ater was set at 
1 mg/1. To provide the required concentration, 2.08 grams of each tracer were 
required. To avoid the form ation of immiscible globules, the tracers were mixed 
w ith m ethanol in a stock standard  solution according to  E P A  M ethod 624 (U.S. 
EPA , 1982). The s tandard  solution was mixed w ith tap  w ater to  form the tracer 
w ater to  be pum ped into the tank .
Tap w ater, sodium azide solution, and stock standard  solution were mixed 
in 208 1 plastic barrels to produce 1 mg/1 of chlorobenzene and 1,1,1-TCA. A 
peristaltic pum p was used to  pum p the tracer solutions and tap  w ater into the 
barrels and from there into the ta n k  concurrent w ith the building of the simu­
lated aquifer installations.
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EXPERIM ENTAL T A N K  
D esign and C onstruction
The purging and sampling experiments were conducted in a laboratory 
environm ent which consisted of three SAIs placed inside an upright-round tank 
filled w ith  chlorobenzene- and 1,1,1-TCA-spiked w ater (Figure 2). The SAIs con­
sisted of 5.1 cm m onitoring installations complete w ith filter pack and bentonite 
seal placed w ithin 10.2 cm diam eter casing and screen, which acted as a 
"borehole". Low perm eability soil placed in 25.4 cm diam eter screens surrounded 
the boreholes to  sim ulate an aquitard  or low-yield aquifer. In p lan view, the SAIs 
were equidistant from the center and sides of the tan k  in a triangular 
configuration w ith TK-4 in the center (Figure 3).
The SAIs were constructed to  minimize air entrapm ent in the soil and filter 
pack pore space when the tracer w ater was added to the  tank . E ntrapped air 
could cause degassing to  occur, decreasing the VOC concentrations. To minimize 
air entrapm ent, the tracer w ater was added to  the tan k  under low hydraulic 
head conditions. This allowed for slow infiltration into the soil and decreased 
the chances of air becoming trapped in the pore spaces. The concentrations of 
the VOCs in the tan k  were m onitored during the filling process in order to 
confirm th a t the w ater was homogenous and no hot spots existed which could 
affect the in terpreta tion  of the sample results. The wells were vibrated to  settle 
and compact the soil, which helped to  decrease the hydraulic conductivity and
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Figure 2. Experim ental tank  w ith sim ulated aquifer installations.
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Figure 3. P lan  view of SAIs in a triangular configuration 
w ithin the tank  w ith TK-4 in the center.
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prevent channelling from occurring.
M aterials
The upright round tank  measured 1.22 m in diam eter and 2.13 m high and 
was composed of cross-link polyethylene. A lid, which measured 1.3 m in diame­
ter and composed of the same m aterial, was used to  seal the top  of the tank. 
The tan k  capacity was 2460 1 when em pty and 2080 1 w ith the SAIs installed. A
1.2 m high deck was built around the tan k  to  provide a platform  to  run the 
experiments. A  15 cm high platform  was placed underneath the tan k  to  provide 
space for a drainage valve. Fiberglass insulation and styrofoam  were placed 
around the  sides of the tank  and on the top of the lid respectively, to  prevent 
wide tem perature fluctuations and possible photodegradation of the tracers.
The 25.4 cm screens in the SAIs were composed of Type 304 stainless steel 
continuous slot. The screen length was 2.13 m w ith  a slot size of 0.008 cm. The
25.4 cm screens were threaded onto Type 304 stainless steel endcaps which were 
bolted to  the tan k  bottom . The 5.1 cm screens were continuous slot Type 304 
stainless steel screens w ith  a slot size of 0.008 cm. The screen lengths ranged 
from 30.5 to  61.0 cm. The 5.1 cm casing was constructed w ith Type 304 stain­
less steel and ranged in length from 30.5 cm to 1.53 m. The 5.1 cm casing and 
screen were threaded onto 5.1 cm Type 304 stainless steel endcaps which were 
bolted to  the 25.4 cm endcaps. The small slot openings were necessary to  prevent 
channeling through the soil and filter pack m aterials during the course of the 
experiments. The stainless steel casing and screen was threaded w ithou t the use 
of lubricating grease.
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Soil
In order to  sim ulate low-yield conditions and  minimize VOC adsorption 
onto  organic carbon, a soil was needed which had  a low hydraulic conductivity 
and organic carbon content. A  natural soil was collected and analyzed to  deter­
mine hydraulic conductivity, organic carbon content, grain size distribution, and 
composition.
0
A  hydraulic conductivity value near 10" cm /s was considered ideal due in 
p a rt to  Herzog et al. (1988) purging and sampling study  in low-permeability
environm ents. The hydraulic conductivity of the soil prior to  installation into
the SAIs was determ ined by conducting bail tests in a scale model of a SAI.
K aolinite clay was added to  the soil in various am ounts until a hydraulic con-
ductiv ity  value near 10” cm /s was attained  w ith  12.5% kaolinite. Kaolinite 
was added instead of bentonite due to  the possibility th a t the polarity of the 
two tracers might cause the clays to  collapse and increase the hydraulic conduc­
tiv ity  of the soil. Since kaolinite swells less th a n  bentonite, the potential effect 
on hydraulic conductivity is less.
A fter the soil was mixed with kaolinite, the organic carbon content was 
measured in order to  calculate Kqc values. An organic carbon content of 0.38% 
was measured according to  EPA  m ethod 415.1 (U.S. EPA , 1979). This method 
consisted of converting the organic carbon in the soil to  COg by catalytic 
com bustion. The COg was then measured by an infrared detector. The am ount 
of COg present was directly proportional to  the am ount of organic carbon in the 
soil (U.S. EPA , 1979).
A  sieve and pipette analysis was conducted according to  Folk (1980) to 
determine the grain size d istribution of the soil. The d a ta  are shown in Table 3
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T able 3. Sieve and p ip ette  analysis data.
Mesh size 
phi mm
W eight
retained
Percent
finer
Cum ulative
weight
retained
Cum ulative
percent
retained
Individual
percent
retained
> 9 .0 0.82 0.82 0.68 0.68
9.0 0.002 2.31 0.68 3.13 2.61 1.93
8.0 0.0039 1.61 2.61 4.74 3.95 1.34
7.0 0.0078 1.99 3.95 6.73 5.61 1.66
6.0 0.0156 1.35 5.61 8.08 6.74 1.13
5.5 0.0221 1.98 6.74 10.06 8.39 1.65
5.0 0.031 0.36 8.39 10.42 8.69 0.30
4.5 0.044 15.30 8.69 25.72 21.44 12.75
4.0 0.0625 15.08 21.44 40.80 34.01 12.57
3.5 0.09 22.45 34.01 63.25 52.73 18.71
3.0 0.125 12.93 52.73 76.18 63.50 10.78
2.75 0.15 9.58 63.50 85.76 71.49 7.99
2.5 0.18 10.29 71.49 96.05 80.07 8.58
2.0 0.25 10.49 80.07 106.54 88.81 8.74
1.0 0.50 1.53 88.81 108.07 90.09 1.28
0.75 0.59 1.29 90.09 109.36 91.16 1.08
0.5 0.707 2.95 91.16 112.31 93.62 2.46
0.0 1.0 2.39 93.62 114.70 95.62 1.99
-0.5 1.4 1.95 95.62 116.65 97.24 1.63
-1.0 2.0 1.76 97.24 118.41 98.71 1.47
-1.5 2.8 1.24 98.71 119.65 99.74 1.03
-2.0 4.0 0.31 99.74 119.96 100.00 0.26
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and plotted in Figure 4. The soil was classified as a m uddy sand according to 
Folk (1980). The sieve fraction of the soils greater than  9.5 mm was discarded 
prior to  the sieve analysis and installation into the SAIs. This was to  remove 
large pebbles which m ight contribute to  the occurrence of channeling.
The composition of the soil was analyzed by Chemex Labs in Sparks, 
Nevada using induced coupled plasm a. The soil was prim arily composed of silica 
(67%), w ith  minor am ounts of aluminum (9%) and calcium (6%). The silica 
was likely derived from the sand fraction of the soil and the aluminum and cal­
cium from  the kaolinite and naturally  occurring sm ectite clays.
Filter Pack
The filter pack m aterials and backfill were composed of silica in order to 
minimize adsorption and interaction w ith the VOCs in the tan k  w ater. The pri­
m ary filter pack was composed of 16 sieve silica sand. Equal parts of 16, 60, 90, 
and 200 sieve silica sand and flour were mixed to form the secondary filter pack 
and backfill. Bentonite was used as the seal around the filter pack. Cross-section 
diagrams of the SAIs containing TK-1, TK-2, and TK-3 are shown in Figures 5, 
6, and 7.
M onitoring Installations
The sampling devices included a bladder pum p and tw o in situ  devices. 
B ladder pum ps were recommended by Barcelona et al. (1985) when sampling for 
VOCs, due to  the ability to  sample at low flow rates and the fact th a t the inert,
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Figure 4. P lo t of sieve and pipette analysis data.
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compressed gas, which is used to  operate the pum p, does not contact the sample 
w ater (Figure 8). The bladder pum ps were m anufactured by Q.E.D. Environ­
m ental Inc., and were dedicated to TK-1 and TK-4. The tw o in situ  devices were 
designated in situ device 1 and in situ  device 2 and they corresponded to the 
o ther tw o m onitoring well installations, TK-2 and TK-3, respectively. BAT 
Envitech and W estbay Instrum ents Inc. m anufactured in  situ  device 1 and 2, 
respectively. TK-2 and TK-3 are specially designed m onitoring wells unique to 
each in situ  sampling device. For additional inform ation regarding the bladder 
pum p and the two in  situ  sampling installations, consult Blegen (1988).
The m onitoring well installations were constructed w ith  the sample intake 
areas for TK-2 and TK-3 and the screened intervals for TK-1 and TK-4 placed 
a t the sam e depths w ith in  the tank , approxim ately 1.5-1.8 m from the top of the 
tan k  lid. In case of possible vertical stratification of the  tracers, this enabled 
samples from all three sam ple devices to  be collected from the same level.
TK-1 was a 5.1 cm Teflon® conventional monitoring well w ith a 30.5 cm 
screen interval and a to ta l length of 2.13 m. The screen slot size was 0.025 cm.
In situ  device 1 consisted of a filter tip threaded onto 5.1 cm Teflon® casing 
for a to ta l length of 2.50 m. The filter and filter-tip body used in this study were 
composed of high-density polyethylene (HDPE) while the filter had an average 
pore size of 45 /Jim (Figure 9). G round-water samples were collected in sterilized, 
evacuated 150 ml glass vials. P rior to  sampling, one 150 ml vial was filled to 
meet m anufacturers purging requirements.
In situ  device 2 consisted of a 3.8 cm stainless steel installation w ith two 
measurem ent ports. The to tal length of the installation was 2.40 m. The lower­
most port was closest to  the sampling depths for the o ther 2 monitoring wells. 
Samples were only collected from the lowermost port in this study.
Sample Discharge Check Valve
Gas Inlet
Pump Casing
Bladder
Water Intake Check Valve
4.2 cm
102 cm
Figure 8. Typical bladder pum p design (after Blegen, 1988).
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Figure 9. In situ  device 1, filter tip design (adapted from BAT Envitech, 
Inc., 1987).
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The type of sam ple container used in this study  to  collect YOA (volatile 
organic analysis) samples is shown schematically in Figure 10. The container 
holds a standard  40 ml glass VOA vial. To satisfy purging requirements, 150 ml 
of w ater were w ithdraw n prior to  sampling.
P rio r to  installation, the two in situ  device installations were tested for 
leakage. W hen filled w ith  distilled water, in situ  device 1 leaked a t the point 
connecting the filter tip  w ith the casing. Teflon® tape was w rapped around the 
threads and prevented any further leakage. In  situ  device 2 was assembled and 
tested w ith  the help of the m anufacturer’s technical consultant. A hydraulic test 
was performed by filling the installation w ith distilled w ater and pressurizing the 
installa tion w ith 560 k g /m  of nitrogen for 15 m inutes. No leakage was evident 
during the course of the test.
W ell D evelopm ent
To ensure the collection of representative w ater samples free of suspended 
solids, the development of m onitoring wells is considered essential (Barcelona et 
a l, 1985). Im properly developed monitoring wells produce samples containing 
suspended sediments th a t bias the chemical analysis of the collected samples 
(Barcelona et al., 1985). Since the monitoring wells in this project were unique in 
their design and installation, additional criteria were required, besides obtaining 
turbid-free samples, to  ensure proper development. Well development was deter­
mined to  be complete when the tracer concentrations reached a steady-state level 
in relation to  the tank  concentrations. Due to sim ilar well design and construc­
tion, it was assumed th a t the volume of w ater w ithdraw n from the wells to 
achieve steady-state VOC concentrations would be the same in all three wells.
from sampling 
probe
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Figure 10. In situ device 2 VOA bottle container (adapted from Black et al., 
1986).
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The m ethod used to  develop TK-1 involved pumping the well dry followed 
by w ater level recovery. Due to the specialized designs of the in situ  device well 
installations, the development procedures were different. In TK-2, development 
was conducted by lowering the sample housing of in situ  device 1 and collecting 
sample vials repeatedly. TK-3 was developed using a specialized device, pro­
vided by the m anufacturer, and a peristaltic pum p. The specialized device 
opened the m easurem ent ports and the peristaltic pump w ithdrew  w ater from 
each port to  facilitate development.
A pproxim ately 20 1 were w ithdraw n from each well to  ensure turbid-free 
w ater and steady-state tracer concentrations. During development, each tracer 
required different volume of w ater to  be w ithdraw n to  reach steady-state concen­
trations. 1,1,1-TCA reached a steady concentration fairly quickly, while chloro­
benzene required up to  17 1 of tracer w ater to  be removed before a  steady sta te  
was attained .
Bail T est
To calculate the hydraulic conductivity of the soil in the monitoring well 
installations, a bail test was conducted on TK-1. Due to  sim ilar packing pro­
cedures for all three well installations, the hydraulic conductivity value calcu­
lated for TK-1 was assumed to be the same for TK-2 and TK-3. The bail test 
consisted of pum ping the well dry and recording the depth to  w ater during 
w ater level recovery. The data  were plotted and analyzed using the Hvorslev 
(1951) and Papadopoulos et al. (1973) methods. The d a ta  are presented in 
Table 4. The hydraulic conductivity of the soil using the Hvorslev (1951)
method was 3.0 X 10-5 and 1.0 X 10-5 using Papadopoulos et al.
s s
Table 4. Bail test data.
Time h H Ho
(minutes) (feet) (feet) (feet)
4.5 0.30
5.0 0.34
7.0 0.43
9.0 0.51
11.0 0.63
15.0 0.85
21.0 1.18
25.0 1.48
30.0 1.76
35.0 2.04
40.0 2.31
50.0 2.79
65.0 3.39
70.0 3.53
80.0 3.85
90.0 4.12
103.0 4.45
120.0 4.80
150.0 5.25
180.0 5.58
210.0 5.80
240.0 5.95
270.0 6.05
300.0 6.12
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(1973) for an average value of 2.0 X 10 5 -£HL.
s
A  Reynold’s num ber above 2000 was calculated for flow through the filter
pack when the filter pack was dewatered. According to  R ahn (1986), turbulent
flow exists when the Reynolds’s num ber exceeds 2000. W hen calculating the
Reynold’s num ber, a hydraulic head differential of 1.83 m, hydraulic conduc- 
-3tiv ity  value of 10" m /s for the filter pack, and a porosity of 0.4 were assumed. 
G round-w ater velocity through the filter pack derived from D arcy’s Law was 
used to  calculate the Reynold’s number.
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SAM PLING  M ETH O D O LO G Y
Consistent sam ple handling and sample analysis procedures were followed 
each time an experiment was conducted to minimize bias due to  sampling pro­
cedures.
Each experiment was repeated twice in order to  determine if the results were 
reproducible. To minimize experimental bias, the order the experiments were 
conducted was random ly determined. The experiments were run a week apart 
w ith an initial tw o week interval separating experiment 1 and 2 (Table 5). The 
two week interval allowed for the sampling methodology to  be evaluated and 
revised, if necessary.
T able 5. Schedule o f purging experim ents.
Schedule Experim ent
Week 1 1-Purge dry
Week 3 2-Purge to  top of screen
W eek 4 3-Purge 3 well volumes
Week 5 1-Purge dry
W eek 6 2-Purge to  top of screen
W eek 7 3-Purge 3 well volumes 
5-Sample from in situ  devices
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Three replicate samples were collected a t each sample interval during an 
experiment. This allowed for a more accurate and precise result than  if only one 
sample was collected a t each sample interval. Three replicate samples were also 
collected from TK-4 before and after each experiment. The average or mean 
value of the three replicate samples were utilized when analyzing the experimen­
ta l results.
Samples were collected in pre-cleaned 40 ml borosilicate VOA vials with 
open top closures fitted w ith a Teflon®-lined septum  when sam pling w ith the 
bladder pum p or in situ  device 2. As sta ted  previously, 150 ml glass vials were 
used when sam pling w ith  in situ  device 1.
Trip and rinsate blanks were made by pouring HPLC-grade deionized w ater 
into a  VOA vial. The trip /rin sa te  blanks were placed w ith the samples collected 
during each day sam pling occurred and handled in the same m anner as the sam­
ples. A ny contam inants found in the blanks could be a ttrib u ted  to  sam ple han­
dling procedures, interaction between the w ater and the container, or contam­
inated deionized w ater. A corrective sam pling plan would then  be implemented. 
T rip /rin sa te  blanks were included w ith every 20 samples collected or 1 per sam­
pling day if less than  20 samples were collected.
Reference s tandard  samples were made from one of the U.S. E PA  w ater 
supply quality control samples, VOC-I, VOC-III, and VOC-V, or Las Vegas Val­
ley W ater D istrict tap  water. Reference standard  samples were subm itted  once 
every two weeks during the sampling period to check on the accuracy of the 
analytical laboratory. The w ater samples were analyzed using E PA  M ethod 624 
(U.S. EPA , 1982) by Sierra Technical Services, Las Vegas, Nevada. Samples 
were stored a t 4 ° C in coolers and transported  to the lab. Chain-of-custody pro­
cedures were followed using guidelines sim ilar to U.S. EPA  (1986). Laboratory
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analysis included random  duplicate analysis of w ater samples. This provided an 
indication of laboratory-based error when sample results were interpreted.
Prior to  m onitoring field param eters, the  Orion SA250 pH meter was cali­
brated  or checked w ith  6.86 and 9.18 pH buffers. The YSI Model 57 D.O. meter 
was calibrated to  am bient air tem perature prior to  each sampling day. Calibra­
tion  of the YSI Model 33 electrical conductivity m eter by 1000//mohs/cm and 
3000/umohs/cm calibration standards occurred a t the beginning of each sampling 
day and rechecked a t the  end of the day.
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RESULTS A N D  DISCUSSIO N
Round 1
The in terp reta tion  of the experimental d a ta  resulted in the discovery of con­
ditions o ther than  volatilization and mixing w ith  stagnan t w ater which affected 
the sam ple results. It was determ ined th a t leaching of the tracers from the soil 
had occurred during the experiments, which elevated 1,1,1-TCA concentrations 
above th e  ta n k  concentration level. The leaching was more pronounced for
1,1,1-TCA th a n  chlorobenzene. The sample results for round 1 of the experi­
m ents are presented in Table 6.
The leaching was caused by a concentration gradient which existed between 
the soil and tan k  tracer concentrations. The gradient occurred when tracer con­
centrations in the tan k  w ater degraded between experiments while the concentra­
tions on the soil remained the same. W hen the tank  w ater flowed through the 
soil during an  experiment, the soil leached tracers in order to  equilibrate w ith  the 
tracer concentrations in the tank  w ater.
R ound 2
In the second round of experiments, leaching effects on sample results 
appeared to  decrease, yet were still evident for experiment 1. The sample results
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Table 6. M ean sam ple results for round 1.
Experim ent 1-Purge Dry
Tracer T ank
Samples collected from 
- 0 1 3 5 24 Tank
1,1,1-TCA 705 498 697 800 673 718 664
Chlorobenzene 546 257 402 459 444 417 558
Experim ent 2-Purge to  top of well screen
Tracer T ank
Samples collected from 
- 0 1 3 5 24 Tank
1,1,1-TCA 525 475 542 583 635 657 552
Chlorobenzene 466 241 317 349 370 381 448
Experim ent 3-Purge 3 Well Volumes
Samples collected from
Tracer T ank -0 1 2 3 Tank
1,1,1-TCA 561 563 521 555 578 543
Chlorobenzene 457 307 396 410 411 483
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from experiments 2, 3, and 5 were unreliable due to the samples being analyzed 
past the prescribed holding time of 14 days for EPA  m ethod 624. The sample 
results for round 2 are shown in Table 7. E PA  reference stan d ard  samples were 
subm itted  along w ith  the samples collected from experiment 3 and 5. The 
results were low and inconsistent w ith the reference values and therefore, the 
results from  experiments 2, 3, and 5, which were analyzed past the  holding time, 
were determ ined to  be unreliable.
Due to  an inability to quantify the am ount and rate of leaching a t each 
sampling interval, in addition to  m ost of the samples being analyzed past the 
holding tim e, in terpretation of the results for all the experiments for both rounds 
were speculative a t best, especially for experiments 1, 2, and 3. Experiment 4, 
sampling w ithout purging, was difficult to  interpret. Since all the samples were 
affected by leaching, a statistical comparison was unable to  be conducted to 
determine significant difference during an experiment. W hen the -0 hour results 
were com pared to  the tank  and previous experiments 24-hour sample result, 
there were substan tial decreases in concentration when the tim e interval between 
sampling was longer than  1 week for both  chlorobenzene and 1,1,1-TCA. The 
tracer results from the two in situ  devices had an increase in concentration from 
the first to  the second sample interval. The 1,1,1-TCA results were greatly 
affected by leaching, whereas the chlorobenzene results exhibited a slower 
response tim e to  leaching effects.
R ounds 3 and 4
Due to  the leaching effects and the late analysis of sam ple results, the sam­
pling methodology was revised and the experiments were re-run w ith the
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Table 7. Mean sample results for round 2.
Experiment 1-Purge Dry
Samples collected from
Tracer T ank -0 1 3 5 24 T ank
1,1,1-TCA 564 521 525 581 477 539 516
Chlorobenzene 465 356 402 414 369 374 479
Experim ent 2-Purge to  top of well screen
Tracer T ank
Samples collected from 
- 0 1 3 5 24 T ank
1,1,1-TCA 519 506 512 452 486 472 528
Chlorobenzene 441 348 386 388 379 357 409
Experiment 3-Purge 3 Well Volumes
Samples collected from
Tracer T ank -0 1 2 3 T ank
1,1,1-TCA 486 445 471 571 398 462
Chlorobenzene 423 313 352 372 312 358
Experiment 5-In situ  device sample results
Sample device T racer
Samples collected from 
T ank  1 2 T ank
1,1,1-TCA 486 501 618 462
1
Chlorobenzene 423 300 335 358
1,1,1-TCA 486 578 664 462
2
Chlorobenzene 423 306 312 358
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exception of experiments 4 and 5. To minimize the effect of leaching, w ater from 
TK-1 was continously pum ped and recirculated into the  ta n k  until tracer con­
centrations were in equilibrium between the TK-1 and the tank . TK-2 and TK- 
3 were not recirculated because the liklihood of achieving equilibrium conditions 
and minimizing the effect of leaching from the entire soil column was considered 
remote. Tw enty-four well volumes were recirculated in order to  achieve equili­
brium  conditions and minimize leaching. W hen equilibrium conditions were 
achieved, the experiments were run  one day after another in order to  prevent the 
re-occurrence of concentration gradients. However, the presence of stagnant 
w ater in the  well prior to  purging was eliminated. The elim ination of the stag­
n an t w ater and the effect it m ight have had upon the evaluation of the purging 
m ethods was unfortunate, bu t necessary.
The 24 hour or 3rd well recovery sample of one experim ent was incor­
porated as the pre-purging or -0 hour sample for the next experiment. The -0 
hour results were plotted more as a  reference point for an experim ent’s results 
th a n  as an indication of sam pling w ithout purging. The num ber of samples col­
lected a t each sample interval were decreased from three to  two in some 
instances. The mean of the results from each sample point were calculated to 
represent the  concentration value. The results for rounds 3 and 4 for experi­
m ents 1, 2, and 3 are presented in Table 8. The sample d a ta  from rounds 1, 2, 
3, and 4 for all the experiments are presented in Appendix A.
The tracer result from each sample interval in an experiment were compared 
to  determ ine any significant differences using a one-way analysis of variance with 
a level of significance of 5%. To compare the tw o rounds of an  experiment and 
experiments 1 and 2, interaction and two-way analysis of variance w ith a level of 
significance of 5% were performed. Only experiments 1 and 2 were able to be
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Table 8. Mean sample results for rounds 3 and 4.
Experim ent 1-Purge Dry
R ound Tracer T ank
Samples collected from 
-0 1 3 5 24 T ank
1,1,1-TCA 364 375 314 307 330 347 357
3
Chlorobenzene 316 307 302 274 299 303 332
1,1,1-TCA 324 295 282 297 329 319 348
4
Chlorobenzene 329 307 313 314 311 310 325
Experim ent 2-Purge to  top of well screen
Samples collected from
R ound Tracer T ank -0 1 3 5 24 Tank
1,1,1-TCA 357 347 333 345 351 321 329
3
Chlorobenzene 332 303 320 323 311 309 328
1,1,1-TCA 348 319 299 295 303 341 336
4
Chlorobenzene 325 310 287 287 300 300 312
Experiment 3-Purge 3 Well Volumes
R ound Tracer T ank
Samples collected from 
- 0 1 2 3 Tank
1,1,1-TCA 329 321 316 301 295 324
3
Chlorobenzene 328 309 325 324 307 329
1,1,1-TCA 336 341 344 334 323
4
Chlorobenzene 312 300 304 318 303
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compared since both  experiments had sim ilar sample intervals. Experim ent 3 
was not com pared since the sample intervals did not m atch those of experiments 
1 and 2. To compare the rounds and the experiments, the results were adjusted 
to a normalized (mean) tank  concentration for each tracer. The mean of all the 
tank  sample results from the experiments were calculated for each tracer. Values 
of 344 /ug/1 for 1,1,1-TCA and 324 (J.g/1 for chlorobenzene were derived. The 
mean of each experim ent’s tank  results were compared to the normalized tank  
concentration for the respective tracer. The percentage difference between the 
two means was used to  ad just the sam ple results for each experiment. This pro­
cess was necessary to  compare each experiment more accurately and also aided in 
the graphical in terpreta tion  of sample results for each experiment.
Experim ent 1-Purge Dry 
1,1,1-T C A
Both rounds exhibited similar pa tte rns (Figure 11a, 11c). Graphically, the 
sample results which corresponded to  the early recovery phase (1, 3 hours) exhi­
bited concentrations less representative of the tank  than  those collected during 
late recovery (5 hours) and the next day (24 hours). The s tandard  deviation of 
the results were generally higher during the early recovery phase samples com­
pared to  the samples collected later w ith  the exception of the 1-hour standard  
deviation in round 3 (Figure l i b ,  l id ) .  S tatistically, there were not any 
significant differences between the samples collected in each round, nor between 
the samples of each round (Table 9).
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Figure 11. Experim ent 1-purge dry 1,1,1-TCA results w ith  (a)
round 3 mean sample and fb | standard  deviation results, (c) and 
round 4 mean sample and (d) s tandard  deviation results.
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Table 9. S ta tistica l results for 1 ,1 ,1-T C A  in experim ent 1. Inner 
bracket den otes significance for sam ples w ithin rounds, outer bracket 
on round 3 denotes significance betw een rounds.
Experim ent 1 -  Purge dry
Round 3 Round 4
'  -0 -0
1 1
3 3
5 5
. 24 24
46
After purging the well dry, adverse conditions such as tu rbu len t flow 
through or aerated conditions in the filter pack likely caused volatilization to 
occur, causing the early recovery sample results to  be slightly lower and variable 
than  the tank  concentration. As w ater level recovery progressed and the adverse 
conditions w ith in  the filter pack decreased, the concentration of 1,1,1-TCA 
started  to  rebound tow ard the tank  level to  more representative and less variable 
concentrations. However, the decrease in concentration during recovery was not 
as large as anticipated. The results were only 13% lower than  the tank  level 
after 1 hour. This is in contrast w ith M cAlary and Barker (1987) who had losses 
between 25 and  40%  for 1,1,1-TCA after 1 hour and predicted large losses for 
VOCs w ith H enry’s law constants greater th an  0.001 atm -m  /m ol. Graphically, 
the most representative samples seemed to  occur 5 and 24 hours after purging.
Chlorobenzene
Chlorobenzene exhibited similar results between rounds (Figure 12a, 12c). 
There was a flat p a tte rn  throughout the experiment w ith the exception of a 
small decrease a t the 3-hour interval in round 3. The standard  deviation values 
were also flat w ith the exception of the 3-hour interval of round 3 (Figure 12b, 
12d). There were not any significant differences between sample intervals in each 
round nor between rounds (Table 10).
Unlike 1,1,1-TCA, chlorobenzene did not exhibit any concentration losses 
due to turbulence or aeration in round 4. It generally followed the same pattern  
as 1,1,1-TCA in round 3 but w ith smaller changes in concentration. The low 
vapor pressure of the chlorobenzene m ight have m uted the effect from the tu r­
bulent and aerated conditions w ithin the filter pack and well screen area.
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Figure 12. Experim ent 1-purge dry chlorobenzene results w ith  (a)
round 3 mean sample and fbl standard  deviation results, (c) and 
round 4 mean sample and (dj s tandard  deviation results.
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T able 10. S ta tistica l results for chlorobenzene in experim ent 1. Inner 
bracket den otes significance for sam ples w ithin rounds, outer bracket 
on round 3 denotes significance betw een rounds.
Experim ent 1 -  Purge dry
Round 3 Round 4
'  -0 -0
1 1
3 3
5 5
24 24
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Experiment 2-Purge to top of the well screen
1,1 ,1-T C A
Results for round 3 and round 4 were mixed. In round 3, concentrations 
were low at 1 hour, rebounded a t 3 and 5 hours, and decreased a t 24 hours (Fig­
ure 13a). In round 4, the recovery phase had low concentrations with a  gradual 
increase a t 24 hours (Figure 13c). The s tandard  deviation values were very low 
in round 3 w ith the highest value cooresponding to  the 24-hour sample interval 
(Figure 13b). In round 4, the s tandard  deviation values were relatively high for 
the 1-hour sample and then  decreased for the 3-, 5-, and 24-hour results (Figure 
13d). In round 3, the 24-hour sample was significantly different than  the recovery 
samples (Table 11). There were not any significant differences between the sam ­
ples collected in round 4. The two rounds were significantly different only a t the 
24-hour sample interval.
The slight decrease in concentration of the 1-hour result in round 3 and the 
1-, 3-, and 5-hour results in round 4 indicate possible volatilization of 1,1,1-TCA 
entering the well screen. This was unexpected as the  prim ary purpose of purging 
to  the top of the well screen is to  avoid or minimize volatilization of the tracer 
to be sampled. A  possible cause of the results being significantly different 
between rounds m ight have been due to  the bladder pum p agitating the w ater 
left in the well screen during round 4. The operator m ight have left the pump 
on longer than  was required to  purge to the top of the well screen. However, the 
conflicting results indicate a lack of reproducibility and therefore, inconclusive 
results.
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Figure 13. Experiment 2-purge to  the top of the well screen
1,1,1-TCA results w ith  (a) round 3 mean sam ple and 
(b) standard  deviation results, and (c) round 4 mean 
sample and (d) s tandard  deviation results.
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T able 11. S ta tistica l results for 1 ,1 ,1-T C A  in experim ent 2. Inner 
bracket denotes significance for sam ples w ith in  rounds, outer bracket 
on round 3 denotes significance betw een rounds.
Experim ent 2 -  Purge to top of screen
R ound 3 Round 4
'  -0 -0
1 1
3 3
5 5
[ 2 4 24
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If s tagnan t water, w ith  non-representative tracer concentrations, was 
present before the well was purged, the results m ight have been even more 
unpredictable. It was difficult to  determine graphically when to  collect the most 
representative sample. Graphically, the 3- and 5-hour interval in round 3 and 
the 24-hour interval in round 4 appeared to  provide the m ost representative 
sample.
C hlorobenzene
The results from both  rounds were m irror images of each other (Figure 14a, 
14c). In round 3, the 1- and 3-hour samples exhibited the highest concentrations 
while the 5- and 24-hour samples were slightly lower bu t not significantly 
different. In round 4 the results were ju s t the opposite, w ith slightly higher con­
centrations for the 5- and 24-hour th an  for the 1- and 3-hour results. There 
were not any significant differences between the round 4 results. The standard  
deviations for both rounds were relatively flat w ithout any inverse coorelation 
w ith  low concentration results (Figure 14b, 14d). The 1-hour s tan d ard  deviation 
result in round 3 was high in relation to  the other values. In round 4, the stan­
dard  deviation values gradually decreased w ith time. Statistically, certain 
groups between the two rounds were significantly different (Table 12). The 1- 
and 3-hour results were significantly different from the 5- and  24-hour results.
The recovery phase after purging to  the top of the  well screen provided 
mixed results and were sim ilar to  the 1,1,1-TCA results. A lthough, unlike 1,1,1- 
TCA, the 24-hour sample appeared to  provide representative samples in both 
rounds. In addition, the low standard  deviation of the 24-hour sample in both 
rounds indicate a fairly precise result. The m ost representative samples seemed
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Figure 14. Experim ent 2-purge to  the top  of the well screen
chlorobenzene results w ith (a) round 3 mean sample and
(bj s tandard  deviation results, and (c) round 4 mean sample and
(d) s tandard  deviation results.
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T able 12. S tatistica l results for chlorobenzene in experim ent 2. Inner 
bracket denotes significance for sam ples w ithin rounds, outer bracket 
on round 3 denotes significance betw een rounds.
Experim ent 2 -  Purge to top of screen
Round 3 Round 4
[ - 0  1 '  -0
' 1 1
3 3
5 5
24 24
55
to occur a t the  1- and 3-hour interval in round 3 and the 5- and 24-hour interval 
in round 4. S tatistically, all the sam ple intervals in each round were not 
significantly different, however the results were not reproducible when the two 
rounds are compared.
Experim ent 3-P urge 3 W ell V olum es 
1,1 ,1-T C A
The trend of the sample results indicated a  gradual decrease in concentra­
tion w ith  each well recovery for both rounds (Figure 15a, 15c). The highest con­
centration occurred a t 1-well recovery w ith  the lowest a t the  3-well recovery 
interval. The stan d ard  deviation values were mixed between rounds (Figure 15b, 
15d). The stan d ard  deviation values in round 3 and 4 had an inverse relation­
ship. In round 3, the first and second well recovery intervals had low values 
while in round 4 they had the highest values. There was not any significant 
difference between the samples in either round nor any between the rounds 
(Table 13).
V olatilization effects produced from purging the well dry m ight not have 
subsided by the tim e each successive well volume was purged. This m ight have 
caused a slight increase in volatilization w ith each well volume purged. This 
m ight explain why each successive well recovery sample had a lower concentra­
tion although not significantly. The m ost representative sample for both  rounds 
was the first well recovery sample.
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Figure 15. Experim ent 3-purge three well volumes 1,1,1-TCA
results w ith (a) round 3 mean sample and (b) s tandard  deviation 
results, and (c) round 4 mean sample and (d) standard  deviation 
results.
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T able 13. S ta tistica l results for 1 ,1 ,1-T C A  in experim ent 3. Inner 
bracket den otes significance for sam ples w ithin rounds, outer bracket 
on round 3 denotes significance betw een rounds.
Experim ent 3 -  Purge three well volumes
Round 3 Round 4
'  -0 -0
1 1
2 2
3 3
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C hlorobenzene
Results were generally similar throughout the experiment, w ith the second 
well recovery having the highest result in both  rounds (Figure 16a, 16c). There 
was a slight dropoff to  the th ird  well recovery sample sim ilar to  the 1,1,1-TCA 
results. The stan d ard  deviation values were fairly low for all the sample inter­
vals (Figure 16b, 16d). There were not any significant differences between the 
samples in either round or between rounds (Table 14).
Every well recovery sample was very close to the tan k  concentration w ith 
only minor differences between sample intervals. These results exhibited little or 
no volatilization effects w ith  fairly precise results. The chlorobenzene results 
were not as variable as 1,1,1-TCA but were sim ilar w ith  slight decreases in con­
centration a t the th ird  well recovery sample interval.
Field Param eters
The field param eters of D.O., tem perature, pH, and electrical conductivity 
were monitored from the tank  and TK-1 a t the beginning of each day after the 
24/0-hour sample was collected and before TK-1 was purged to s ta r t the begin­
ning of the next experiment.
The values of D.O. were similar between the tank  and TK-1 (Figure 17). 
The elevated values of D.O. in TK-1, which occurred on the  first, fourth  , and 
fifth day, can be a ttrib u ted  to an aerated sample being m onitored. Since the field 
param eters were m onitored after the YOC samples were collected, often there 
was not enough w ater left in the well bore for the  bladder pum p to fill the sam­
ple tubing full of w ater. The partially-filled sample tubing often produced
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Figure 16. Experiment 3-purge three well volumes chlorobenzene
results with (a) round 3 mean sample and (b) s tan d ard  deviation 
results, and (c) round 4 mean sample and (d) s tandard  deviation 
results.
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T able 14. S ta tistica l results for chlorobenzene in experim ent 3. Inner 
bracket denotes significance for sam ples w ith in  rounds, outer bracket 
on round 3 denotes significance betw een rounds.
Experim ent 3 -  Purge three well volumes
R ound 3 Round 4
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Figure 17. B ar graph of D.O., comparing TK-1 and tan k  concentrations.
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sample w ater which was aerated and had a higher th an  norm al D.O. reading.
The tem perature readings were slightly higher in TK-1 th an  in the tank  
(Figure 18). This m ight be a ttribu ted  to  the am bient air tem perature heating 
the upper layers of the  w ater column in TK-1. The w arm er w ater migrated 
downward tow ard the pum p intake as the w ater level decreased during sample 
collection. W hen the field param eters were m onitored, the w ater collected was 
likely the w arm er w ater. The difference in tem perature was lowest on the 4th 
day which coincided w ith  sam pling the 3rd well recovery for experiment 3. Since 
3 well volumes of w ater were pum ped from TK-1 during experiment 3, it was 
assumed th a t the am bient air did not have as long a period to  raise the tem pera­
ture  of the w ater as was the case for experiment 1 and 2 on day 1, 2, 3, 5, and 6. 
M ost of the readings w ith  the exception of day 1 are all w ithin the instrum ent 
error of ±1 ° C.
The pH values monitored from TK-1 were slightly higher than  the tank  
values (Figure 19). The difference in pH values between the ta n k  and TK-1 did 
not exceed 0.1 pH units. Values obtained for pH did not seem to  be as sensitive 
as D.O. to  the aerated samples on days 1, 4, and 5. The pH values seemed to  be 
fairly stable w ithout any trends evident which m ight be due to  purging effects 
on w ater chemistry.
Electrical conductivity values from TK-1 were fairly stable over the course 
of the experiments (Figure 20). The values from TK-1 were slightly higher than  
tank  values w ith  the  exception being the sixth and seventh days. The difference 
in values between TK-1 and the tank  are all w ithin the instrum ent error of 
±0.5 ° C for tem perature compensation and ± 6 %  for the electrical conductivity 
probe.
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Figure 18. B ar graph of tem perature, comparing TK-1 and tank
concentrations.
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Figure 19. Bar graph of pH, comparing TK-1 and tank  concentrations.
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Figure 20. B ar graph of electrical conductivity, comparing TK-1
and tank  concentrations.
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The values m onitored for the field param eters seemed to be unaffected by 
the different purging experiments. The variables which had the greatest effect 
were not a ttrib u ted  to  purging effects bu t on am bient air tem perature and 
pump-induced aeration effects on w ater chemistry.
Q uality A ssurance
The results for the trip  blanks, reference standards, and laboratory  dupli­
cates are presented in Appendix A. Trip blank results did not have any evidence 
of contam ination. Since EPA  standard  w ater quality control samples were all 
used in rounds 1 and 2, Las Vegas Valley W ater D istrict tap  w ater was utilized 
in rounds 3 and 4. A lthough reference values were unavailable, the  s tandard  
results provided an approxim ate indication of laboratory performance. The 
results were consistently similar th roughout the experiments. L aboratory  dupli­
cates on three samples indicated an average error of 2.01% for 1,1,1-TCA and 
3.74% for chlorobenzene.
C om parison  
1,1 ,1-T C A
Each purging experiment provided samples representative of the tank. 
However, when experiments 1 and 2 were compared, the highest results appeared 
to occur during late recovery a t 5 hours and the next day a t 24 hours. The 
recovery samples, a t 1 and 3 hours, seemed to  have the lowest concentrations.
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Experim ent 1 appeared to  have lower concentrations than  experiment 2 during 
the early recovery phase a t 1 and 3 hours although the differences were not large. 
This was unusual since one would expect volatilization losses for purging the 
well dry to be much higher than  purging to  the top of the well screen. A 
dewatered filter pack and well screen area might not be as significant a factor as 
previously believed. Producing a  hydraulic gradient in the well screen area by 
drawing the w ater level down during experiments 1 and 2 m ight have been just 
as im portan t as a dewatered filter pack in causing the volatilization of 1,1,1- 
TCA  to  occur. Statistically, round 3 for experiment 1 and 2 did not exhibit any 
significant differences and the same was true  w ith  round 4 (Table 15).
Experim ent 3 provided representative samples at each sample interval with 
the highest results at the first well recovery. Approxim ately 7 hours were 
required for w ater level recovery. A lthough the second and th ird  well recovery 
sample results were less th an  the first they were not significantly different. 
Therefore when comparing experiment 3 w ith experiment 1 and 2, it again 
appears th a t collecting a sample from late recovery to the next day will provide 
representative results when sampling for 1,1,1-TCA. Purging m ultiple well 
volumes does not appear to  be advantageous, although representative samples 
may still be collected.
C hlorobenzene
Chlorobenzene results were not as variable as 1,1,1-TCA, which was 
expected due to chlorobenzene’s lower H enry’s law constant. The volatility 
which affected 1,1,1-TCA during the recovery phase in experiment 1 and 2 did
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T able 15. S ta tistica l results for 1 ,1 ,1-T C A  in round 3 and 4 for experi­
m ent 1 and 2. O uter bracket on round 3 denotes significance for sam ­
ples in round 3, outer bracket on round 4 denotes significance for sam ­
ples in round 4.
1,1,1-TCA
Experim ent 1 
Round 3
Experim ent 2 
Round 3
Experim ent 1 
Round 4
Experim ent 2 
Round 4
'  -0 -0 -0 -0  '
1 1 1 1
3 3 3 3
5 5 5 5
24 24 24 24
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not affect chlorobenzene to  the same degree. The recovery phase samples a t the 
1, 3, and 5 hour intervals provided representative results along w ith  sampling 
the next day a t 24 hours. There were not any significant differences evident 
when com paring experiments 1 and 2 (Table 16).
Experim ent 3 exhibited representative samples a t every well recovery with 
the first and second well recovery samples being the highest. Since representa­
tive samples were collected after the first and second well volumes were purged, 
it does not appear to  be necessary to  purge the th ird  well volume. Each of the 
three purging m ethods provided representative samples w ithout any distinguish­
able differences. Purging and sampling during or after recovery will enable the 
collection of representative samples when sam pling for chlorobenzene.
T able 16. S ta tistica l results for chlorobenzene in round 3 and 4 for 
experim ent 1 and 2. Outer bracket on round 3 denotes significance for 
sam ples in round 3, outer bracket on round 4 denotes significance for 
sam ples in round 4.
C hlorobenzene
Experim ent 1 
Round 3
Experim ent 2 
Round 3
Experim ent 1 
Round 4
Experim ent 2 
Round 4
' -0 -0 -0 -0  '
1 1 1 1
3 3 3 3
5 5 5 5
24 24 24 24
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C O N C LU SIO N S
Due to  unforseen leaching effects and late analysis of samples in rounds 1 
and 2, the  experiments were revised and re-run. Sampling w ithout purging 
seemed to  provide samples which were not representative, although this conclu­
sion is highly speculative since it is based on results collected from rounds 1 and 
2. Leaching affected the results collected w ith the in situ  sampling devices and 
made the in terpreta tion  as to  how effective the devices were in sampling for 
1,1,1-TCA and chlorobenzene from low-yield environm ents very difficult.
In rounds 3 and 4, samples which were not significantly different were able 
to  be collected for 1,1,1-TCA and chlorobenzene from each of the three purging 
m ethods a t any tim e there was sufficient w ater in the  m onitoring well to  collect 
a sample and up to  24 hours after purging. Generally, volatilization effects 
affected 1,1,1-TCA more than  chlorobenzene during the recovery phase after 
purging the well dry.
F or 1,1,1-TCA, the highest concentrations occurred during late w ater level 
recovery and the next day when purging the well dry or to  the top of the well 
screen and after the first well recovery when purging three well volumes. The 
purging methods which provided the most reproducible results were purging the 
well dry and purging three well volumes when sampling for 1,1,1-TCA. For 
chlorobenzene, the highest concentrations occurred during w ater level recovery 
and the next day for purging the well dry and to  the top of the well screen and 
after the  first and second w ater level recovery for purging three well volumes.
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Each purging m ethod provided reproducible results when sam pling for chloro­
benzene.
The different purging methods did not appear to  effect the field param eter 
values m onitored for tem perature, pH, D.O., and electrical conductivity. 
Elevated am bient air tem perature and aerated samples from inefficient pump 
discharge had the largest effect on field param eters monitored from TK-1.
A n im portan t factor which was negated in rounds 3 and 4 was the presence 
of stagnan t w ater in the well bore prior to  purging. S tagnant w ater potentially 
m ight have affected early recovery tracer concentrations when purging to  the top 
of the well screen or the first well recovery sample when purging three well 
volumes.
The effect of the different purging methods on tracers w ith  different Henry’s 
law constants should not be overlooked. However, since the  1,1,1-TCA did not 
decrease in concentration as much McAlary and Barker (1987) had predicted, 
volatilization m ight not be as significant a factor when purging a monitoring 
well dry as had been previously believed.
To fu rther improve on the experimental design of this research, stagnant 
w ater should be incorporated to  ob ta in  a more realistic evaluation of the purging 
m ethods. The tank  tracer concentrations should be m aintained over tim e at 
constant levels in order to eliminate concentration gradients and leaching effects. 
This would allow for the experiments to  be spaced further apart and incorporate 
the effect which stagnan t w ater m ight have on experimental results.
Different tracers should be utilized to  characterize the effects different purg­
ing m ethods have on particular tracers or hydrocarbon groups w ith different 
Henry’s law constants. This might allow a purging method to be tailored to a 
particular com pound or hydrocarbon group.
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The addition of more rounds of each experiment should be incorporated 
along w ith having only one sample point per round. Having one sample point 
per round would minimize the possibility of biased sample results due to addi­
tional w ater being discharged a t multiple sample points during an experiment. 
This would more accurately represent actual field conditions.
To further test the effectiveness of the purging methods, the above sugges­
tions should be incorporated in another laboratory study. The conclusions 
derived from this study  and any additional laboratory research should be stu­
died under actual field conditions to  determine how effective the purging 
methods are in providing representative w ater to  be sampled.
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APPENDIX A. 
Water Chemistry Data
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